Identifying genomic regions that have been targets of natural selection remains one of the most important and challenging areas of research in genetics. To this end, we report an analysis of 26,530 single nucleotide polymorphisms (SNPs) with allele frequencies that were determined in three populations. Specifically, we calculated a measure of genetic differentiation, F ST , for each locus and examined its distribution at the level of the genome, the chromosome, and individual genes. Through a variety of analyses, we have found statistically significant evidence supporting the hypothesis that selection has influenced extant patterns of human genetic variation. Importantly, by contrasting the F ST of individual SNPs to the empirical genome-wide distribution of F ST , our results are not confounded by tenuous assumptions of population demographic history. Furthermore, we have identified 174 candidate genes with distribution of genetic variation that indicates that they have been targets of selection. Our work provides a first generation natural selection map of the human genome and provides compelling evidence that selection has shaped extant patterns of human genomic variation.
[Supplemental material is available online at www.genome.org.]
Natural selection, which can be defined as the differential contribution of genetic variants to future generations (Aquadro et al. 2001) , is the driving force of Darwinian evolution. Despite intense research, only a relatively small number of regions and genes have been directly implicated as targets of selection in the human genome (Kitano and Saitou 1999; Rana et al. 1999; Huttley et al. 2000; Hollox et al. 2001; Hull et al. 2001; Hurst and Pal 2001; Koda et al. 2001; Sullivan et al. 2001; Tishkoff et al. 2001; Baum et al. 2002; Fullerton et al. 2002; Gilad et al. 2002; Hamblin et al. 2002) . A more comprehensive and genomic understanding of how and where natural selection has shaped patterns of genetic variation may provide important insights into the mechanisms of evolutionary change (Otto 2000) , guide selection of loci for inclusion in population genetic studies (Vitalis et al. 2001) , facilitate the annotation of functionally significant genomic regions (Nielsen 2001) , and help elucidate genotype-phenotype correlations in complex diseases (Przeworski et al. 2000; Nielsen 2001 ).
Detecting unambiguous evidence for natural selection remains challenging because the effect of selection on the distribution of genetic variation can be mimicked by population demographic history (i.e., the size, structure, and mating pattern of a population). For instance, both adaptive hitchhiking and population expansion can cause an excess of rare variants observed in DNA sequence data compared with what is expected under a standard neutral model (Tajima 1989; Przeworski et al. 2000) . Despite these difficulties, the recent deluge of publicly available single nucleotide polymorphisms (SNPs) provides an exciting opportunity to identify genomewide signatures of selection (Sunyaev et al. 2000; Sachidanandam et al. 2001) .
To this end, examining the variation in SNP allele frequencies between populations, which can be quantified by the statistic F ST , is a promising strategy for detecting signatures of natural selection (Lewontin and Krakauer 1973; Rana et al. 1999; Hollox et al. 2001; Fullerton et al. 2002; Gilad et al. 2002; Hamblin et al. 2002) . Under selective neutrality, F ST is determined by genetic drift, which will affect all loci across the genome in a similar and predictable fashion. On the other hand, natural selection is a locus-specific force that can cause systematic deviations in F ST values for a selected gene and nearby genetic markers. For example, geographically restricted directional selection may lead to an increase in F ST of a selected locus, whereas balancing or species-wide directional selection may lead to a decrease in F ST compared with neutrally evolving loci (Cavalli-Sforza 1966; Bowcock et al. 1991; Andolfatto 2001) . Previous studies that have attempted to identify natural selection based on patterns of population differentiation relied on simulations to obtain the expected distribution of F ST under selective neutrality (Lewontin and Krakauer 1973; Bowcock et al. 1991; Beaumont and Nichols 1996) . However, the simulated distribution of F ST strongly depends on the assumed population demographic history, which is rarely known with any degree of certainty.
As an expanding number of SNPs are genotyped across multiple populations, a complimentary approach that does not require tenuous assumptions about population demographic history is now becoming feasible. Specifically, by sampling a large number of SNPs throughout the genome, loci that have been affected by natural selection can simply be identified as outliers in the extreme tails of the empirical distribution of F ST (Cavalli-Sforza 1966; Black et al. 2001; Goldstein and Chikhi 2002) . Recently, this strategy has been used to infer natural selection in the CAPN10 gene; however, the empirical distribution of F ST contained <100 loci (Fullerton et al. 2002) .
In this work, we describe an analysis of 26,530 SNPs with allele frequencies that were determined in three populations: African-American, East Asian, and European-American. The density of this SNP allele frequency map provides a unique and powerful opportunity to interrogate the genome for signatures of natural selection. Through a variety of analyses, we have found statistically significant evidence supporting the hypothesis that selection has influenced extant patterns of human genetic variation. Furthermore, we have identified 174 candidate genes that demonstrate signatures of selection when contrasted to the empirical genome-wide distribution of F ST . This analysis provides the conceptual foundation for constructing a high-resolution natural selection map, which will be an important resource in understanding the recent evolutionary history of our species, and will facilitate detailed studies on the identified candidate genes.
RESULTS

SNP Characteristics and Data Quality
In total, 26,530 SNPs were identified from The SNP Consortium (TSC) allele frequency project in which allele frequency data was available for three populations. The average intermarker distance, excluding the Y chromosome, was 132 kb. Because the SNP allele frequencies were determined by six genotyping labs that used different sample sizes and genotyping methods (see Methods), we performed several tests to assess data quality and identify sources of experimental variation.
First, we compared the distribution of common and uncommon SNPs with a previously reported estimate in the same three population samples (Table 1; Marth et al. 2001) . The proportion of SNPs common (minor allele frequency <0.20) in 0, 1, 2, or 3 populations was not significantly different compared with the previous estimate based on 502 SNPs ( 3 2 = 2.02, P = 0.57), indicating no gross deviations of allele frequency in this expanded data set.
Second, we identified two sources of redundant allele frequency data: (1) 828 SNPs were genotyped by at least two of the six genotyping labs, and (2) the Sanger Centre genotyped 3145 SNPs in two independent European-American population samples of size 12 and 96 individuals. Although some markers demonstrated considerable variation, we observed a strong correlation in allele frequencies between the duplicated SNPs ( = 0.89 and 0.97 for the data sets containing 828 and 3145 duplicated SNPs, respectively).
Third, we investigated the effect of genotyping errors on estimates of F ST in this data set. Specifically, we used a simple deterministic formula derived by Ohta and Kimura (1969) to describe the frequency of a SNP allele in the presence of genotyping errors, which we denote as PЈ A (described in Methods; see also Akey et al. 2001) . Next, we calculated PЈ A for all 26,530 SNPs, assuming different genotyping error rates, and then reestimated F ST using the new allele frequencies (i.e., PЈ A ). Obviously, the assumption that the original SNP allele frequencies are error free is incorrect, but our goal is to simply assess how an increasing error rate affects estimates of F ST in this data set. On average, genotyping errors tend to decrease F ST , and even modest error rates (2%-5%) can begin to have appreciable effects (Fig. 1) . These observations are consistent with the effect of genotyping errors on estimates of LD (Akey et al. 2001) . As a guide to interpret the impact of genotyping errors on this data set, the Whitehead Institute estimates a 0.5% genotyping error rate (see http://snp.cshl.org/). If this error rate is representative of the other laboratories, then genotyping errors have likely had a limited impact on our estimates of F ST .
Finally, we performed multiple regression analysis to estimate how much of the total variation in F ST was attributable to variation in sample size and genotyping laboratory (which will reflect the use of slightly different samples and genotyping error rates across laboratories). Although highly significant, the variation in sample size and genotyping laboratory accounted for only 3.8% of the total variation in F ST (F 6,26523 = 45.7, P < 0.0001; adjusted R 2 = 3.8%). Overall, the allele frequency data and estimates of F ST across the six genotyping laboratories appears to be quite robust.
Empirical Genome-Wide Distribution of F ST
To examine interlocus variation in allele frequencies, we constructed the empirical genome-wide distribution of F ST for all autosomal markers (Fig. 2) . The average F ST for the 25,549 autosomal SNPs was 0.123, which lies within the range of previously reported estimates (Bowcock et al. 1991; Tishkoff et al. 2000) . There is considerable variation around the mean, and a high proportion of markers are located in the tails of the distribution; ∼ 11% of SNPs have F ST = 0.0, and 6% of SNPs have F ST Ն 0.40. To determine if the observed distribution of F ST was consistent with selective neutrality, we performed coalescent simulations that assumed the only forces affecting variation in allele frequencies were genetic drift, mutation, and migration. Specifically, 25,549 SNPs were simulated in three constant-sized populations under an island model of migration, conditioning on the observed sample size, and average F ST .
The simulated distribution of F ST was significantly different compared with the empirical distribution (KolmogorovSmirnov test, D = 0.058, P < 0.0001). In concordance with previous studies (Bowcock et al. 1991) , we observed an excess of both high-and low-F ST values (Fig. 2) , which is consistent with the action of natural selection. For instance, adaptation to a local environmental pressure will cause a change in allele frequencies for the selected locus in a particular subpopulation and, hence, lead to a higher than expected level of population differentiation (F ST ). Anomalously high levels of population differentiation have been observed at several genes mediating local adaptation to traits such as disease resistance (Tishkoff et al. 2001; Hamblin et al. 2002) , lactose intolerance (Hollox et al. 2001) , skin pigmentation (Rana et al. 1999) , and A common SNP is defined in which the minor allele frequency is Ն20%. This frequency threshold was used so that the current data could be compared with previously reported estimates of allele frequency .
perhaps behavioral phenotypes (Gilad et al. 2002) . Conversely, balancing selection maintains allelic variation between subpopulations and therefore leads to lower levels of population differentiation. Examples of balancing selection may include genes in the major histocompatibility complex (MHC) (Meyer and Thomson 2001) and ␤-globin region (Currat et al. 2002) , FUT2 (Koda et al. 2001) , and GYPA (Baum et al. 2002) . Alternatively, the deviation between the observed and simulated distribution of F ST may not be owing to selection, but may merely reflect the highly simplified model of human demographic history that we used in the coalescent simulations (i.e., island model of migration, constant population size, etc.) to obtain the theoretical distribution of F ST under neutrality. Therefore, the results based on this single analysis should be interpreted with caution. In the sections below, we present additional analyses to test this data set for signatures of selection that are not confounded by assumptions regarding human demographic history, because the only comparisons made are within the observed data itself and not in reference to simulations or analytical formulations.
Chromosomal Distribution of F ST
The empirical genome-wide distribution of F ST indicates that natural selection has operated on the human genome. To further test this hypothesis and identify specific genomic regions containing signatures of selection, we examined the distribution of F ST across chromosomes (Fig. 3) . The average F ST for autosomal and X-linked SNPs was significantly different (0.123 and 0.195, respectively; t test, t = 14.1, P < 10 ‫02מ‬ ). A higher average F ST for X-chromosome SNPs is expected because of its smaller effective population size compared with that of the autosomes, which makes it more sensitive to demographic events and/or natural selection.
A striking feature that emerges when examining the distribution of F ST across a chromosome is that F ST values tend to cluster together (Fig. 3) . In other words, estimates of F ST for adjacent SNPs appear to be correlated. We formally tested this observation by calculating the correlation coefficient, , between F ST values as a function of physical distance between SNPs. A modest, yet statistically significant positive correlation between F ST values of linked SNPs exists, which extends to ∼ 200 kb (Fig. 4) . To assess whether this result is consistent with neutral expectations, we performed coalescent simulations. The simulated data shows a much weaker correlation compared with the observed data, which is nearly three times higher for closely linked markers (Fig. 4) . Specifically, the relationship between F ST values and physical distance in the observed data is significantly greater than that of the simulated data until 30 kb, at which point the two curves overlap and become statistically indistinguishable (except for the two points at 50 and 100 kb).
How can these results be explained? In the coalescent simulations, the relationship between F ST values for linked markers is dictated solely by population demography and recombination. In the observed data, we propose that some additional evolutionary force is responsible for driving the correlation upward for closely linked loci. It may be that a more complex demographic model could lead to a higher predicted correlation. However, simulations incorporating population expansion and a range of migration rates indicate that alternative demographic histories do not account for the observed correlation between F ST and physical distance (data not shown).
Moreover, in our simulations we assumed that recombination was uniformly distributed at a rate of 1 cM/Mb. However, several recent studies indicate that the distribution of recombination is highly punctuated and can vary substantially across genomic regions (Daly et al. 2001; Jeffreys et al. 2001 ). Thus, one may argue that the higher observed correlation simply reflects regions of recombination "deserts" (Yu et al. 2001) . A close examination of Figure 4 , however, argues against this hypothesis. Specifically, consider the observed and simulated correlations for an intermarker distance of 1 kb in Figure 4 , which in practice corresponds to a recombination desert. Even under this condition of essentially zero recombination, the simulated correlation coefficient is ∼ 0.12, whereas the observed empirical correlation is ∼ 0.33. Therefore, in the absence of recombination, the correlation in F ST values for the observed data is statistically different (higher) than what is expected based on neutrality. Thus, adaptive hitchhiking and/or background selection (Andolfatto 2001) provides the most parsimonious explanation for the increased correlation in F ST between closely linked SNPs relative to a neutral model. Furthermore, the observed data indicate that the average unit of background selection and/or adaptive hitchhiking is ∼ 20 kb. 5% of the empirical distribution of F ST ; notice the higher threshold for the X chromosome). SNP density is proportional to the line spacing, and although the overall density is high, several large gaps were observed (e.g., see chromosomes 1, 9, 16, and 20). These gaps correspond to heterochromatic staining regions found near the centromeres of these chromosomes. The Y chromosome contained only seven SNP markers with allele frequency data and therefore was not included in subsequent analyses.
Distribution of F ST in Genes
To further interrogate the genome for signatures of selection, we classified autosomal SNPs according to functional category (coding, intronic, and noncoding; see Methods) and then compared the average F ST between groups ( Table 2) . As expected, the largest difference in average F ST was observed between coding and noncoding SNPs, which is consistent with purifying selection. Furthermore, although small, the difference in average F ST between intronic and noncoding SNPs is also significant, perhaps indicating some degree of functional constraint on intronic SNPs.
Identification of Candidate Genes Subject to Selection
To identify candidate genes that have been subject to natural selection, we mapped 8862 SNPs to gene-associated regions. Using the empirical distribution of F ST and the criteria described in the Methods, we identified 174 candidate selection genes: 156 that demonstrate unusually high levels of F ST , and 18 that exhibit unusually low levels of F ST (Supplemental Tables A, B, respectively). The 174 candidate selection genes encompass 253 SNPs, and include 17 genes underlying known mendelian (such as the CFTR gene, which is associated with cystic fibrosis, OMIM 219700) or complex diseases (such as the PPARG gene, which is associated with type 2 diabetes, OMIM 125853; see Supplemental Tables A, B) .
To better understand the molecular functions that these genes perform, we examined their gene ontogeny (GO) classifications (Ashburner et al. 2000) . The candidate selection genes participate in a broad range of molecular functions and biological processes (Tables 3, 4, respectively). Although sample sizes across the GO categories are too small to make meaningful statistical comparisons, several interesting trends emerge. For example, the proportion of proteins that perform a defense/immunity function (GO:0003793) is nearly four times higher in the low-F ST candidate genes compared with the high-F ST candidates (Table 3 ). This observation is consistent with balancing selection, a well-known force affecting genes involved in immunity (Richman 2000) . Conversely, molecular functions that appear to be more predominant in high-F ST candidate genes include enzymes (GO:0003824) and transporters (GO:0005215). These trends are also seen in the GO biological process terms (Table 4) . Obviously, although interesting, these observations need to be explored and verified in replicate samples preferably of larger size.
To better recognize the signatures that natural selection imparts on a locus and closely linked markers, we examined the distribution of F ST in the candidate genes (which we refer to as F ST profiles; examples are shown in Fig. 5 ). Strikingly different F ST profiles are observed across the candidate selection genes. Specifically, several candidate genes contain contiguous SNPs with F ST values that are consistently low (Fig. 5  A,B) or consistently high (Fig. 5 C,D) , or a complex pattern of both (Fig. 5 E,F) . For example, CMAH (Fig. 5 E) demonstrates statistically significant signatures of both high-and low-F ST candidate genes, perhaps indicating that this locus has been subject to multiple types of selective pressures.
Finally, it is notable that for many of the high-F ST candidate selection genes, the population pair-wise F ST values reveal that a high F ST often results from one population showing a large difference in allele frequency relative to the other two (Supplemental Table A ). For example, the SNP rs1806931 results in a Ser171Phe substitution in the gene OR10H2, which has an overall F ST of 0.524 (Supplemental Table A ). The pair-wise F ST values are 0.523, 0.576, and 0.008, corresponding to East Asian/European American, East Asian/African American, and African American/European American comparisons, respectively. This pattern would be expected under adaptive evolution, in which in a unique environment, one particular allele is favored over the other (Bowcock et al. 1991) , in this case during or after the settling of East Asia.
DISCUSSION
We have identified signatures of natural selection by compiling and analyzing a high-density SNP allele frequency map. The various analyses that we used to detect selection included both direct and indirect approaches . Although direct approaches are often viewed as powerful evidence for selection, indirect approaches have been criticized because of their strong dependence on population demographic history (Nielsen 2001) . Our indirect tests of selection include (1) comparing the observed and simulated distributions of F ST and (2) comparing the observed and simulated correlation of F ST values. In addition, because of the large number of SNP markers, we were also able to pursue direct tests of selection by (1) comparing the average F ST between coding, intronic, and noncoding SNPs, and (2) identifying candidate selection genes based on the empirical distribution of F ST . More specifically, by comparing the F ST of individual loci to the empirical distribution, it was possible to distinguish between the consequences of genetic drift and natural selection without invoking any assumptions regarding population demography (Black et al. 2001; Hamblin et al. 2002) . Therefore, when all of our analyses are collectively interpreted, a consistent signature of natural selection emerges.
Candidate Selection Genes
We have identified 174 genes with a pattern of F ST that indicates that they have been subject to natural selection. Of the 174 candidate selection genes, 156 demonstrate unusually high levels of F ST , and 18 exhibit unusually low levels of F ST . Because of the large proportion of SNPs with a F ST = 0.0, a more stringent threshold was applied to the selection of low-F ST candidate genes. Therefore, it is important to note that in the present study, the discrepancy between the number of high-and low-F ST candidate selection genes is a consequence of the different approaches used to identify them rather than some underlying evolutionary force. Additional studies will be required to establish the prevalence of different types of selection that have operated on the human genome. For example, when genotype frequencies are available, analytical methods based on F IS may be more sensitive to detect loci subject to balancing selection (Black et al. 2001) . Furthermore, to our knowledge, only two of the candidate selection genes have been implicated/confirmed in previous studies (CFTR [Slatkin and Bertorelle 2001] and F5 [Lindqvist et al. 1998 ]). Moreover, 18 candidate selection genes are themselves candidate genes that have been identified by computational predictions. Thus, more detailed and direct studies need to be performed in order to confirm the preliminary signatures of selection that we have identified in these 174 genes.
Limitations
In critically evaluating our results, it is important to note that our analyses, and hence interpretations, are subject to several limitations. First, many of our analyses rely on data derived from publicly available databases with contents that are, and will continue to be for some time, in a state of change. For example, in our comparison of the difference in average F ST between SNPs located in coding, intronic, and noncoding regions, some coding and intronic SNPs lie within predicted genes and thus may not actually be coding or intronic SNPs. Therefore, our results represent a snapshot based on currently available data, and ultimately, when the human genome annotation becomes more stable, it will be important to verify these results.
Second, the SNP allele frequencies were determined in a relatively small sample size (see Methods), and stochastic variation could affect the robustness of our conclusions. Although we observed a strong correlation in allele frequencies between duplicated SNP markers (Supplemental Fig. A) , confirming these allele frequency estimates in a larger sample size will be important.
Third, the power of our analyses is limited by several factors. For instance, we have searched for signatures of natural selection by analyzing the distribution of allele frequency differences between populations, which is most powerful with a geographically diverse set of samples. Because allele frequencies were available for only three populations (and the African Americans are an admixed population; Parra et al. 1998) , we have likely only captured a fraction of the available evidence for natural selection. Furthermore, our study design is most powerful for detecting geographically restricted directional selection; although when migration between subpopulations is limited, it can identify species-wide selective pressures (Slatkin and Wiehe 1998; Majewski and Cohan 1999) . Moreover, although we have compiled and analyzed the highest-density SNP allele frequency map constructed to date, even more markers, particularly in gene-associated regions, will be necessary to systematically identify targets of natural selection. For example, our list of candidate selection genes does not include Fy (Hamblin et al. 2002) , which demonstrates one of the clearest known signatures of selection. The closest SNP (rs856042) in our data set to Fy is ∼ 80 kb upstream, which precluded our ability to detect a signal. Finally, we have implicitly assumed no ascertainment bias (AB) of SNP markers, which has recently been demonstrated to affect estimates of several population genetic parameters such as the population mutation rate (Kuhner et al. 2000; Nielsen 2000) , the population migration rate (Wakeley et al. 2001) , and the population recombination rate (Nielsen 2000) . One may hypothesize that because TSC SNPs were identified in a small number of chromosomes (Altschuler et al. 2000) , F ST will be underestimated. Specifically, the probability of discovering SNPs with a higher minor allele frequency is larger compared with SNPs with a lower minor allele frequency (Eberle and Kruglyak 2000) . Thus, TSC SNPs may contain an over representation of common SNPs, which are expected to be shared across populations and therefore have smaller allele frequency differences. Preliminary simulations confirm this expectation (data not shown), and this issue merits further theoretical study. However, our empirical data shows an excess of both high-and low-F ST values, which cannot be accounted for solely by AB.
Conclusions
In conclusion, our results provide a comprehensive assessment of how and where natural selection has shaped extant patterns of human genetic variation, and demonstrates the feasibility of constructing a high-density natural selection map of the human genome. Developing and ultimately integrating a selection map with other "genomic maps"-such as haplotype (Robertson 2001) and recombination maps (Yu et al. 2001 )-will provide important insights into human evolution, genome function, and the mechanisms of evolutionary change.
METHODS
Data mining and Processing
We downloaded the SNP allele frequency data (genotypes were not available) from the TSC Web site (http:// snp.cshl.org/allele_frequency_project/), which was generated by six genotyping labs: Sanger Centre, Orchid, Washington University, Celera, Whitehead Institute, and Motorola. The allele frequencies across these laboratories were based on a common set of DNA samples. Specifically, the allele frequency panels consist of 42 East Asian, 42 African-American, and 42 European-American individuals. The average sample size (number of individuals) across populations used to estimate allele frequencies varied between these six laboratories: Sanger Centre (n = 12), Washington University (n = 42), Celera (n = 30), Orchid (n = 41), Whitehead Institute (n = 53), and Motorola (n = 29). Note that in the Sanger data set, sample sizes for each locus were not available, so we assumed a fixed sample size of 12. Therefore, the different genotyping laboratories are using either identical or overlapping sets of identical individuals (see below). The only exception to this is that the Whitehead Institute is not using the same set of European-American samples. However, we expect that the additional variation introduced by a different set of EuropeanAmerican samples used by the Whitehead Institute is mitigated because (1) they are still using the same East Asian and African-American samples, and (2) they contributed only 1077 SNPs, or 4% of the total number of SNPs.
The full data set contained 63,658 SNPs. We removed markers that were not genotyped in all three populations, leaving a total of 26,530 SNPs. PERL scripts were written to retrieve dbSNP (rs# and ss#), and TSC identifiers when necessary, to map SNPs to approximate chromosomal coordinates (both National Center for Biotechnology Information [NCBI] and TSC coordinates) and to assign functional categories to SNPs (coding, noncoding, or intronic based on the Ensembl Human Genome annotation release 5.28; http://www. ensembl.org/). In addition, we also downloaded a second SNP allele frequency data set (http://snp.cshl.org/allele_ frequency_project/) from the Sanger Center in which the allele frequencies were estimated in an additional sample of European individuals of size 96. SNPs that overlapped with original set of 26,530 were identified and used to assess data quality.
Assessing Data Quality SNP markers that had been genotyped by more than one group were identified, and we retained the data that had the larger sample size for subsequent analyses. In addition, we also downloaded a second SNP allele frequency data set (http://snp.cshl.org/) from the Sanger Center in which allele frequencies were estimated in an additional sample of European individuals of size 96. SNPs that overlapped with original set of 26,530 were identified and used to assess data quality. Specifically, the correlation coefficient, , was calculated for allele frequencies between duplicated SNP markers.
The potential impact of genotyping errors on F ST was studied by simplified methods similar to Akey et al. 2001 . If we denote the alleles at a SNP locus as A and a (and their frequencies in the absence of genotyping errors as P A and P a , respectively), and assume that genotyping errors follow a model in which the genotyping error rate of A→ a is µ and of a→ A is , then the estimated frequency of A in the presence of genotyping errors, denoted as PЈ A , is as follows: PЈ A = P A + ‫מ‬ [(µ + ) P A ]. This formula is identical to Equation 1 in Ohta and Kimura (1969) , who derived it to describe the change of allele frequency owing to mutation. To gain a better appreciation of how genotyping errors affect estimates of F ST , we calculated PЈ A for all 26,530 SNPs, assuming different error rates ( = µ = 0, 0.005, 0.01, 0.02,…, 0.05) and then reestimated F ST using the new estimates of allele frequencies in the presence of genotyping errors (PЈ A ).
To explore potential sources of variation based on the differences in experimental design, standard multiple linear regression (conducted with SPSS, version 9.0) was performed in which the dependent variable was square root transformed F ST values, and the independent variables were the genotyping laboratory and average sample size/SNP.
Estimates of F ST and Other Genetic Distances
We calculated unbiased estimates of F ST as described by Weir and Cockerham 1984 (see also Weir 1996) . Specifically, consider i subpopulations (where i = 1,…, s), and denote the frequency of the SNP allele A in the ith subpopulation as p Ai . Then F ST can be estimated as follows:
where, MSG denotes the observed mean square errors for loci within populations,
and MSP denotes the observed mean square errors for between populations,
In the above formulae, n i denotes the sample size in subpopulation i, p = n i p Ai / ⌺ i n i (a weighted average of P A across subpopulations), and n c is the average sample size across samples that also incorporates and corrects for the variance in sample size over subpopulations (Weir 1996) :
As originally defined (Wright 1951) , the range of F ST is between 0 and 1. However, it is possible for the above unbiased estimate of F ST to assume negative values, which does not have a biological interpretation. Therefore, as indicated with other estimates of genetic distance, we set negative values of F ST = 0.0 (Nei 1990) . Other genetic distance measures were also calculated, including Nei's minimum distance (Nei 1990) , the allele frequency difference (Nei 1990) , and genetic identity (Nei 1990) . Because all of the distance measures were highly correlated (data not shown), we have only presented results based on F ST .
Coalescent Simulations
We used coalescent theory (Fu and Li 1999) to obtain the genome-wide distribution of F ST under a selectively neutral model. We simulated 25,549 SNPs from three subpopulations connected by migration using the program SIMCOAL (http:// cmpg.unibe.ch/software/simcoal/; Excoffier et al. 2000) . The simulated SNPs matched the characteristics of the observed data in terms of sample size, average F ST , and center-specific average F ST (i.e., the average F ST for SNPs from each genotyping lab). In addition, we also performed coalescent simulations to study the relationship between the correlation coefficient of F ST values and physical distance, assuming selective neutrality and 1 cM = 1 Mb. For this analysis, we used coalescent software available from Richard Hudson (http://home. uchicago.edu/∼ rhudson1/source.html; see program mksamples) that simulates genealogies with recombination. For each intermarker distance in Figure 4 , we simulated 50,000 SNP pairs (except for distances >200 Kb, in which 10,000 SNP pairs were simulated owing to computational constraints) and calculated the correlation coefficient for the resulting square root transformed F ST values. Nonparametric Spearman rank correlations were also calculated and were nearly identical (average difference = 0.01) to the parametric correlation coefficient.
Identification of Candidate Selection Genes
We mapped all 26,530 SNPs to gene-associated regions by searching the Locus Link (http://www.ncbi.nlm.nih.gov/ LocusLink/) and Ensembl databases (http://www.ensembl. org/). A SNP was considered located in a gene region if it mapped to either a 5Ј upstream, 5Ј UTR, coding, intronic, 3Ј UTR, or 3Ј downstream region. There were some discrepancies between Locus Link and Ensembl, as the latter included a larger 5Ј upstream and 3Ј downstream region. To minimize false positives, we took a conservative approach and only considered SNPs extending 5 kb into the upstream and downstream regions (see Fig. 4 ). After mapping SNPs to gene regions, we identified high-and low-F ST candidate selection genes. For autosomal loci, a gene was considered a high-F ST candidate selection gene if it contained at least one SNP with an F ST Ն 0.45. Based on the genome-wide distribution of F ST , this corresponds to an empirical significance level of ␣ = 0.026. To identify high-F ST candidate selection genes on the X chromosome, we used a higher threshold (to compensate for the higher average F ST compared with autosomal SNPs) of F ST Ն 0.59 (which corresponds to ␣ = 0.0078 using the autosomal genome-wide distribution of F ST , and ␣ = 0.05 based on the empirical distribution of F ST on the X chromosome). To identify low-F ST candidate selection genes, an alternative approach was taken owing to the high proportion of F ST values = 0 (11%). A gene was selected as a low-F ST candidate selection gene if it contained two SNPs with an F ST = 0 and one SNP with an F ST Յ 0.005. This threshold corresponds to a significance level of ␣ = 0.03, as determined by coalescent simulations. Thus, the overall significance level for the identification of autosomal candidate selection genes was ␣ = 0.056, which, although slightly anticonservative, is justified given the exploratory nature of this study.
Functional Characterization of Candidate Selection Genes
To characterize the molecular functions that the candidate selection genes perform, we retrieved the Swiss Protein accession number for each gene (http://www.expasy.ch/sprot/ sprot-top.html; 39 genes did not have corresponding Swiss Protein identifications). The GO database was then queried by using QUICKGO (http://www2.ebi.ac.uk/ego/QuickGO), which accepts as input Swiss Protein accession numbers. For the 39 candidate genes that did not have Swiss Protein accession numbers, we scanned the protein with InterProScan (Zdobnov and Apweiler 2001; http://www.ebi.ac.uk/interpro/ scan.html). The identified InterPro motifs were then used to query QICKGO. Genes that could not be assigned either Swiss Protein accession numbers or InterPro motifs were classified as "unknown" and are not included in Tables 3 or 4 .
Data Availability
The entire data set, results, and supplementary information is available at http://cgi.uc.edu/∼ jakey.
